The kinetics of the appearance of intestinal lesions induced by orogastric inoculation of gnotobiotic mice with a lethal strain of Clostridium dzficile (VPI) that produced toxins A and B in vivo and in vitro was studied and compared with the lesions induced by non-lethal C. dzficile strain 786 that produced toxins A and B in vitro but only toxin B in measurable amounts in vivo. Different portions of the intestine were removed 12, 20,26 and 30 h after inoculation and studied by scanning electronmicroscopy. The remaining portions were homogenised for enumeration of C. dzficile and quantification of toxin A by enzyme immunoassay and toxin B by cytotoxicity. The results showed that, following inoculation : (i) measurable amounts of both toxins were necessary to produce lesions ; (ii) with strain VPI, the caecum and the colon were rapidly impaired and completely destroyed after 1 day, whereas the small intestine was damaged to a lesser extent; (iii) C. dzficile strain 786 did not cause mucosal damage but induced mucus-like or serum-like secretion and morphological changes in the caecal enterocytes only. lesions produced after intestinal inoculation of C. dzficile strain VPI that produces toxins A and B in gnotobiotic mice. We also studied the relationship between the pathology, the topographical histology of the mucosa, the multiplication of the C. dzficile strain and the amounts of toxins. The results were compared with those obtained under the same conditions with C. dificile strain 786 that does not produce measurable amounts of toxin A in vivo but produces only toxin B.
Introduction
Antibiotic-associated Clostridium dzficile enterocolitis is an infectious disease with clinical symptoms ranging from severe colitis to diarrhoea.' Two distinct toxins implicated in the pathogenesis of this disease are produced by C. dzficile:2-4 toxin A has cytotoxic5 and enterotoxic2v activities and causes fluid accumulation and mucosal damage; toxin B has potent cytotoxic activity and alters the morphology of various cultured cells.2* 7-11 Injection of toxins A and B into the intestine is lethal for rabbits, mice, hamsters and monkeys. [12] [13] [14] [15] Factors such as tissue degradative enzymes or capsule have not been found to correlate with the virulence of C. dzficile strains. 16* l7 The lesions induced by C. dzficile in man can be reproduced in the well-defined gnotobiotic rodent mode1. 18.19 In this model, the pathological effects and death are observed only when both toxins are prod u~e d . '~.~~ In contrast, C. dzficile strain 786, which seems to produce only toxin B in vivo, does not cause the death of gnotobiotic rats and mice.20y21 The histopathological lesions in the caecum of mice monoassociated with lethal or non-lethal C. dzficle strains can be correlated with the severity of the induced disease.2 ' We describe a scanning electronmicroscopy (SEM) study of the kinetics of the appearance of mucosal 26 h after inoculation (bar = 100 pm); d, 30 h after inoculation (bar = 5 pm); e, mice monoassociated with C. dzficife strain 786,26 h after inoculation (bar = 20 pm) ; f and g, 30 h after inoculation (bar = 50pm and 10pm respectively). ad libitum, a commercial diet (R03-40, UAR, Villemoisson, France) sterilised by y-irradiation.
Three groups of 12 mice, maintained in different isolators, were used. One group was not treated and served as control. The other two groups were inoculated by the orogastric route with 0.5 ml of a fresh culture (c. lo8 viable bacteria) of C. dzficile strain VPI or 786. At four different times after inoculation (12, 20, 26 or 30 h), three mice from each group were killed by cervical elongation and the intestinal tracts were removed. The following samples (0.5 cm) were collected : for scanning electronmicroscopy : duodenum (0.5 cm after the pylorus), jejunum (1 1 cm after the pylorus), ileum (1 cm before the caecum), caecum (in the middle) and colon (1 cm after the caecum). The remaining intestinal portions were used for bacteriological counts and toxin assays. They were divided into four samples : duodenum-jejunum (all the duodenum and most of the jejunum), jejunum-ileum (a part of the jejunum and all the ileum), caecum and colon. To avoid non-specific modification of the gut mucosa, intestinal samples were removed only from freshly killed mice.
Scanning electronmicroscopy ( S E M )
The specimens were fixed in glutaraldehyde 1 YO v/v in phosphate buffer, pH 7.2, for 1 h and then washed in 0-2 M sodium cacodylate buffer, pH 7.2. After stepwise dehydration through a series of graded ethanol solutions, the specimens were coated with gold to a thickness of c. 30 nm with a Balzers SCD 020 ion sputter and then examined with a Cambridge Stereoscan model 100 scanning electronmicroscope.22
Enumerations of C. dzficile and investigation of toxins
The samples were weighed and homogenised. Bacterial counts were performed under anaerobic conditions as described p r e v i o~s l y .~~ Toxin A was quantified by enzyme immunoassayZ4 and toxin B was determined by tissue culture assay as described prev i~u s l y .~~~~~ Toxin A and B concentrations were expressed as log,, ng/ml or /g of gut sample.
Results

Animal behaviour
To avoid the natural and non-specific destruction of the intestinal mucosa that occurs after death, we killed the mice and removed their intestines at selected times after inoculation with the bacteria. Mice inoculated with C. dzficile strain VPI appeared normal up to 26 h; at 30 h, the remaining mice were moribund and would have died from the infection. In contrast, mice inoculated with C. dzficile strain 786 remained healthy throughout the experimental period.
SEM examinations
After inoculation with the VPI strain, lesions were observed first in the caecum, then the colon and finally the small bowel, whereas the various parts of the intestinal tract of the mice inoculated with strain 786 showed few morphological changes.
Efects of C. dzficile strain VPI on the caecum. The caecal mucosa showed signs of impairment 12 h after inoculation. The voluminous folds observed on control specimens ( fig. la ), were less visible; the enterocytes were spaced further apart and, in some places, cell shedding was evident. Bacteria were detectable on the mucosa, but were not very numerous. Twenty hours after inoculation, the cells were severely damaged ( fig. 1 b) . The bacteria, distributed alone or in groups, were easily detectable. By 26 h after inoculation with this strain, the caecal folds had disappeared and the mucosa was perforated and had a "chewed" appearance (fig. lc). The cellular surface was disorganised and covered with debris, probably resulting from the destruction of enterocytes. Bacteria were seen, alone or in groups. The mucosa still had a chewed appearance 30 h after inoculation; at this time the bacteria were difficult to find ( fig. Id) .
Efects of C. di#icile strain 786 on the caecum. Twelve and 20 h after inoculation with this strain, the general aspect of the caecum remained unchanged. The surface of the mucosa was also normal; however, after 20 h, bulges looking like droplets had appeared in a few places on the surface of the enterocytes. By 26 h after inoculation, the general aspect of the caecal mucosa was normal but the number of droplets had increased ( fig. le) . These droplets were easily recognisable by their compact and rough aspect and seemed to be attached to the surface by thin filaments. At 30 h, some of the enterocytes began to lose their shape and to round up, giving the mucosa a "marblebag" appearance (fig. If). Other cells appeared to be shedding and bacteria were distributed in groups Efects of C. dzficile strain VPI on the colon. When compared to the caecum, the colon showed the same features, albeit to a lesser extent, but the appearance of the lesions was delayed; 20 h after inoculation, the colonic mucosa was normal and resembled the colon of the control mice ( fig. 2a ) and some bacteria were visible. At 26 h, the general aspect of the colon was impaired and distinct holes were present in the mucosa ( fig. 2b ) separated by areas with less damage. Some cells were beginning to be shed and bacteria were easily detectable ( fig. 2c ). As the time after inoculation increased, the holes, injured areas and number of bacteria seemed to become more numerous.
Efects of C. dificile strain 786 on the colon. Inoculation with this strain did not appear to affect the colon. The general aspect of the cellular surface of the mucosa remained normal throughout the sampling period ( fig. 2d ). The bacteria were heterogenously ( fig. 1s ). distributed and were easily visible 20 and 30 h after inoculation ( fig. 2e) .
Efects of C. dificile strain VPI on the small bowel. After inoculation with the bacteria, all portions of the small bowel studied showed lesions. In all cases, these lesions were less severe than those observed in the caecum and colon; the villi never disappeared even in the small bowel of moribund mice studied 30 h after inoculation. It was extremely difficult to locate the bacteria in these samples.
There were differences in the kinetics of appearance of the lesions in the duodenum, the jejunum and the ileum. The general aspects of the duodenal mucosa was similar to that of the controls (fig. 3a) ; but 12 and 20 h after inoculation, some villi showed irregular and elongated shapes, and their tips were often broken or punctured with holes. By 26 and 30 h after inoculation, the duodenal mucosa seemed less damaged; even though the tips of some of the villi remained mishapen, the lesions had disappeared (fig. 3b ).
In the jejunum, the effects produced by inoculation with C . dzficile strain VPI were different. When (fig. 4a ), the general aspect of the mucosa was the same except for the tips of the villi. By 20 h, the villi appeared to be elongated with deformed tips. At 26 and 30 h after inoculation, the villi were injured and the tips of villi showed cell shedding ( fig. 4b ) with extrusion of mucosal cells leading to well-defined lesions.
In the ileum, the effects of inoculation with the C . dzficile strain VPI were the same as the jejunum, with lesions confined to the villi. Efects of C. dificile strain 786 on the small bowel. At 12 h after inoculation, only the duodenal samples showed lesions at the tips of the villi. At other sampling times, the aspect of the duodenal villi was normal ( fig. 3c ). The general aspect of the mucosa and the cellular surface of the villi taken from the jejunum ( fig. 4c ) and the ileum were identical to those of the controls.
Bacterial count and toxin amounts
The number of bacteria and the amount of toxins secreted by each strain in the different parts of the gut are presented in the table. C. dzficile counts in the digestive tract were similar for both strains. As expected for an anaerobic micro-organism, multiplication occurred mainly in the caecum and the colon. This explains why the toxins could not be detected in the upper parts of the digestive tract.
In mice mono-associated with the lethal strain (VPI), the maximal rates of bacterial growth and toxin A and B production were reached 12 h after inoculation and remained stationary thereafter.
In mice mono-associated with the non-lethal strain, the maximal rate of bacterial growth was also reached 12 h after inoculation, but toxin B could not be detected before 26 h and the level was lower than in mice mono-associated with the lethal strain. Toxin A was not detected in any samples from these mice.
Discussion
The aim of this study was to visualise and localise the modifications of the intestinal mucosa of mice mono-associated with either one of two different clinical isolates of C. dificile: strain VPI. lethal for animals, and 786, a non-lethal strain. Concomitant with SEM examination of the mouse gut samples, we assayed toxins A and B and counted the number of bacteria over a 30-h period after inoculation. C. dzficile strain VPI first exerted its toxic effect in the caecum, where it caused damage within 12 h. Disruption of the cell surface was progressive up to 20 h and total destruction of the caecal mucosa occurred by 26 h. In the colon, appearance of lesions was delayed, but the damaged aspect of the mucosa was observed at the same time (26 h) as in the caecum. The early enterocyte separation can probably be explained by the rounding6.'' and the cytoskeleton changes7 of the cells induced by toxins A and B as observed in tissue culture. The abrasion of the large bowel, which appeared very rapidly (1 day after inoculation), foreshadowed the death of the mice. 21.26 Since the number of bacteria and the amounts of toxins A and B in the large bowel remained constant at each sampling time, it can be postulated that the lesions induced by the VPI strain were due to the persistence of both toxins in the gut.
Inoculation with C. dzficile strain 786 did not produce lesions in either the caecum or colon. The presence in the caecum of droplets whose number increased from 12 to 30 h after inoculation and the "marblebag" appearance of the mucosa appeared to be the only effects of toxin B. Although the com-position of these droplets was not studied, their rough and compact aspect, together with the presence of thin filaments attaching them to the brush border, suggested that they were composed of mucus or serum. Since histopathological examinations of the caecum of mice mono-associated with this C. dzficile strain have shown the presence of inflammatory oedema of the submucosa,21 the droplets and the morphological changes in the mucosa observed in our experiments might be due to pressure exerted by the oedema on the surface of the enterocytes. Another explanation for these phenomena (droplets and "marblebag" appearance) is a direct action of toxin B on the caecal mucosa. Indeed, Malorni et aL8 have described surface blebbing and morphological changes of culture cells challenged by toxin B.
The rate of appearance of the caecal modifications induced by C. dzficile strain 786 was quite slow. Furthermore, the amount of toxin B produced by the bacteria was very low (< 1 ng/g of gut). Since the intensity of the oedema is not dose dependent,21 it is possible that larger amounts of this toxin would accelerate the rate of appearance of the droplets and cell shedding. This hypothesis could explain the deleterious effects observed in the caecum when toxins A and B are present simultaneously. Toxin B exerted its activity only in the caecum, suggesting the possibility of a specific receptor for this toxin in the caecum.
In the small intestine, C. dzficile strain 786 did not induce lesions or modifications of the mucosa except in the duodenum 12 h after inoculation. This damage was probably due to the fragility of the duodenal villi after passage of the bacteria.
On the other hand, C. dzficile strain VPI induced morphological changes or lesions in all parts of the small intestine. The kinetics of appearance was progressive and similar, except in the duodenum where holes appeared at the tips of the villi at 12 h but practically disappeared by 20 h. Passage of bacteria could have increased the fragility of the tissue or the mucosa could have been directly attacked by toxins released after lysis of bacteria in the stomach or duodenum. The disappearance of these lesions at 26 h indicated that this phenomenon was transient. The unusual shapes of the duodenal villi, morphological changes of the mucosa and cell shedding from the jejunal and ileal villi observed at 26 h, were probably caused by bacteria and their toxins. However, neither of the toxins was detected in situ, although bacteria were present. It can be postulated that the mucosal modifications were produced by the release of undetectable amounts of toxins in different parts of the small bowel. It is also conceivable that these mucosal modifications resulted from dissemination of toxins produced by bacteria in the caecum. Indeed, at the 26-h sampling time, the caecum was completely destroyed. Whatever the mechanism, both toxins are necessary.
In conclusion, these results confirm that when the mice were inoculated with C. dzficile strain VPI that releases toxins A and B in the gut, the intestinal tract showed severe damage that appeared early in the course of the infection. The non-lethal C. dzficile strain 786 which releases detectable amounts of toxin B alone in the gut was shown to be less harmful. This kinetic study demonstrated that lesions appeared first in the caecum and then in the upper part of the gut. The rapidity of appearance and the severity of the lesions induced by the combination of these toxins, underlines the necessity to treat C. dzficile infection in man without delay.
